We present high-resolution optical echelle spectroscopy for a large fraction of the Li-rich late-type stars recently discovered in the vicinity of the Lupus dark clouds. Our results confirm the high Li i l 6708 equivalent widths previously estimated from medium-resolution spectra, thus adding strength to the conclusion that the large majority of these stars are still in the pre-main-sequence phase of their evolution, contrary to claims from other authors that many of them might be zero-age main-sequence stars. We present a statistical approach to derive a mean distance for the sample, and find that it is consistent with, or slightly lower than, the Hipparcos distance of the Lupus star-forming region. The radial velocities measured for part of these stars are consistent with those observed for the Lupus starforming region, while stars outside the dark clouds show a mean difference of the order of 3 km s 21 . The projected rotational velocities show a lack of slow rotators, which is interpreted as a consequence of the X-ray selection of the sample. The Li-rich stars in Lupus studied in this work yield a fairly`clean' sample of very young stars, while in other starforming regions a larger fraction of older zero-age main-sequence stars has been found among ROSAT-discovered Li-rich stars. We argue that this fact reflects the relation of these stars with the Gould Belt.
I N T R O D U C T I O N
In recent years, follow-up optical spectroscopic observations of X-ray sources detected in and around nearby star-forming regions (SFRs) by the ROSAT All-Sky Survey (RASS) have revealed large numbers of Li-rich late-type stars (Wichmann et al. 1996; Alcala Â et al. 1995 Alcala Â et al. , 1996 Neuha Èuser et al. 1995; Krautter et al. 1997 ). Henceforth we will refer to these papers as the RASS papers. Owing to their large Li i l6708 equivalent width, as measured in medium-resolution (,4 A) spectra, as well as to their location near to well-known SFRs, it has been presumed in the RASS papers that these stars are associated with the respective SFRs, and comprise a population of weak-line T Tauri stars (WTTSs) with ages ranging from those of optically discovered TTSs (10 5 ±few 10 6 yr) up to a few 10 7 yr (Wichmann et al. 1997a) . Thus, for convenience we will henceforth denote these stars as ROSAT WTTSs, although in this work some of them will be identified as older, namely zero-age main-sequence (ZAMS) stars.
The aforementioned interpretation has provoked some criticism from a few authors, who argued that the number of Li-rich stars discovered was consistent with an ubiquitous foreground population of dispersed ZAMS stars (Bricen Äo et al. 1997) , and that, from comparison with results for Einstein Extended Medium Sensitivity Survey (EMSS) sources, one might expect most of the ROSAT WTTSs to be ZAMS stars (Micela, Favata & Sciortino 1997) . Clearly, more observational constraints on the nature of the ROSAT WTTSs are required.
In a recent study, Wichmann et al. (1997b) showed that the spatial distribution of ROSAT WTTSs near Lupus, perpendicular to the galactic plane, is centred on the Gould Belt (Gould 1879; for a recent review of the Gould Belt see Po Èppel 1997). It is therefore incompatible with the Bricen Äo et al. (1997) model, which would predict these stars to be centred on the galactic plane. This represents strong evidence that these stars ± like the Lupus dark clouds themselves ± are part of the Gould Belt rather than pertaining to the ubiquitous dispersed ZAMS population, postulated by Bricen Äo et al. (1997) .
We have obtained high-resolution R , 20 000±34 000 optical echelle spectra of a major fraction of the ROSAT WTTSs in Lupus . These data allow us to study radial q 1999 RAS Downloaded from https://academic.oup.com/mnras/article-abstract/307/4/909/1068925 by guest on 07 April 2019 q 1999 RAS, MNRAS 307, 909±918 Table 1 . Results from echelle spectroscopy. We list designation, apparent Cousins I magnitude I C (Wichmann et al. 1997a) , spectral type SpT , equivalent widths W Li , DW Li (see text for definition) and WH a , as well as the type of Ha profile P Ha (`m' means multiple), V sin i from cross-correlation (CC) and from the Fourier fransform method (FFT), the radial velocity V RAD , and the observatory/instrument OB (1: ESO/CASPEC, 2: CTIO/Echelle). For the four stars with V sin i . 100, and the two SB2 observed with CASPEC, W Li is an upper limit only. I magnitudes and SpT for Sz 77, 82, 96, and 129 are from Hughes et al. (1994) . Stars pertaining to the`on-cloud' sample are marked by the superscript`p'. velocities ± which can provide further clues on membership of the Lupus SFR ± as well as projected rotational velocities V sin i. In addition, they provide much better estimates of the Li i equivalent widths than the medium-resolution spectra presented by Krautter et al. (1997) . In this paper, we will mainly discuss the implications of our observations for the question of the pre-main-sequence nature of the ROSAT WTTSs in Lupus, as well as for the structure of the Gould Belt towards this direction. A more detailed study of Lithium abundances, surface gravities etc. will be the subject of another paper (Hauschildt et al., in preparation) .
O B S E RVAT I O N S A N D D ATA R E D U C T I O N
Data for this project were obtained during two observing runs. Observations were performed for three nights at the ESO 3.6-m telescope with CASPEC (April 13 to 15, 1995) , and for four more nights at the CTIO 4-m telescope with the cassegrain echelle spectrograph (April 26 to 29, 1997). CASPEC was used in the short camera configuration with the red cross-disperser and a 31.6 gr mm 21 echelle grating. The detector was a Tektronix TK512 CCD with 512 2 pixels and a pixel size of 27 mm (ESO no. 32). A slit width of 2.1 arcsec was used, yielding a nominal resolving power l /Dl of 20 000. The spectra covered the range from 580 to 850 nm.
At the CTIO 4-m telescope, the echelle spectrograph was used with the Red Long camera, a 31.6 gr mm 21 echelle grating and the G181 cross disperser. The detector was a Tektronik 2048 Â 2048 CCD, used in double-readout mode. The slit width was set to 1.2 arcsec, and the resulting resolution was laDl 34 000. The spectra covered the range from 480 to 720 nm.
Target stars were selected from the list of ROSAT WTTSs given by Krautter et al. (1997) . This sample comprises both stars found by a raster scan of pointed ROSAT observations in regions of high visual extinction (the`on-cloud' sample), and stars found found by the RASS in less obscured regions (the`off-cloud' sample). As shown by Wichmann et al. (1997a) ,`on-cloud' is on average younger. No preference was given to particularly`promising' objects, that is stars with large Li i equivalent widths, but, rather, targets were chosen to cover a large range in spectral type and age (as listed in Wichmann et al. 1997a) . Note that this is not equivalent to a random selection, as large subsamples confined to small regions in the HR diagram will be underrepresented by such a uniform sampling. This is especially the case for stars discovered from the deep pointed observations in visually obscured regions of the Lupus SFR; these stars are typically very young (if at the distance of the Lupus SFR), faint, low-mass M-type stars.
A total of 62 stars could be observed during these runs ± 27 during the first run, and 36 during the second run (one star, RX J1555.423338, was observed in both runs). 15 of these 62 stars belong to the`on-cloud' sample. In addition, during the second run four bona-fide Lupus TTS (Sz 77, 82, 96, and 129 ) from the list of Krautter (1991) were observed, in order to augment the literature data on the radial velocities of Lupus TTS (Dubath, Reipurth & Mayor 1996) . The signal-to-noise ratio of our spectra ranges from 50 to about 100.
All data were reduced using iraf. First, the bias was subtracted and the two-dimensional spectra were flat-fielded. Owing to the double-readout mode used for the CTIO data, the CCD area consisted of two parts with different gains and biases. Bias subtraction and flat-fielding was done separately for each of the two halves.
The individual echelle orders were extracted and wavelengthcalibrated using standard tasks from the iraf echelle reduction package. The orders were normalized by fitting low-order cubic splines both along and across the dispersion direction (the latter helped in removing the effect of strong lines within an order on the fit along the dispersion), and merged to form a single spectrum for each star.
R E S U LT S

Lithium equivalent widths
One of the prime goals of this study was to ascertain the classification of the target objects as PMS stars. While Li is known to be depleted during the PMS phase, it is also known that, depending on their spectral type, i.e. effective teperature, ZAMS stars still can show substantial Li equivalent widths. It has been pointed out (Bricen Äo et al. 1997 ) that on the basis of mediumresolution spectra ± as used by Wichmann et al. (1996) , Krautter et al. (1997) , and Alcala Â et al. (1995 Alcala Â et al. ( , 1996 ± the equivalent width of the Li i l 6708 absorption line could be severely overestimated, leading to many erroneous detections of`PMS' objects.
The equivalent widths (W Li ) of the Li i l6708 line, as listed in Table 1 , were measured using both direct integration and a Gaussian fit, and the results of the two methods are in good agreement. The typical error of W Li is about 20 mA Ê , and is mainly due to uncertainty in the location of the continuum. In discussing these data, we first want to draw attention to the fact that there is not a single star in the sample in which Li is not clearly detected in absorption. This rules out the theory that the Li feature seen in medium-resolution spectra is just due to a blend of other lines, and that a large fraction of the ROSAT WTTSs are misclassified old main-sequence stars.
From Fig. 1 it can be seen that the stars selected for this study represent a fair subsample of the Krautter et al. (1997) sample with respect to W Li . However, of the 15 stars with W Li < 0X25 A only four were observed. Out of these 15`low-Li' stars, four are early-type (G) stars, while all the others are M-type stars, mostly (nine) located in regions of high visual extinction and discovered by deep pointed observations. Two of the early-type`low-Li' stars were observed and found to be ZAMS stars. Also, two`low-Li' q 1999 RAS, MNRAS 307, 909±918 M-type stars were observed, and both were confirmed as PMS. Given their location within regions of high extinction, and the higher reliability of low-resolution Li detection for M-type stars (see below), we think that most of these`low-Li' M-type stars might be PMS.
Using the Pleiades as a reference for ZAMS stars, we define DW Li W Li 2 MaxW LiYTeff Pleiades as the excess in Li absorption W Li with respect to the maximum observed Li equivalent width in Pleiades stars at the same effective temperature Max(W Li,Teff ) Pleiades ; that is, a positive value of DW Li indicates that the star is located above the Pleiades upper envelope in a T eff ±W Li diagram. Fig. 2 shows the location of the ROSAT WTTSs (this work) in such a T eff ±W Li diagram, along with ZAMS Pleiades stars (Soderblom et al. 1993) , and optically discovered bona fide TTSs (Basri, Martin & Bertout 1991; Magazzu Á, Rebolo & Pavlenko 1992; Martin et al. 1994) . Soderblom et al. (1993) give equivalent widths corrected for the contribution of the Fe i l6707.44 line. For consistency, all other data points in the plot have been corrected for this line as prescribed by Favata et al. (1993) . T eff for the ROSAT WTTSs is from Wichmann et al. (1997a) .
We have discarded the X-ray-discovered stars from the Martin et al. (1994) sample to avoid biasing the bona fide TTS sample. We have also discarded four binaries and four ultrafast rotators (UFRs) from our ROSAT WTTS sample, as both present difficulties for the determination of W Li ± in UFRs the line is blended, while in binaries the continuum, relative to which the equivalent width is measured, is the sum of two continua, thus invalidating the equivalent width. Excluding these stars, we have a total of 54 ROSAT WTTSs in Lupus with high-resolution spectra available.
We can see that nearly all of them are located above the Pleiades upper envelope. Only five out of these 54 ROSAT WTTSs are located below the Pleiades upper envelope, putting their PMS nature in doubt. If we adopt the more conservative criterion of Covino et al. (1997) , requiring DW Li > 20 m A for a PMS star (to account for measurement errors), only four more stars have to be regarded as doubtful PMS candidates. Note, however, that the bona fide TTS RY Tau is located slightly below the Pleiades upper envelope. There is apparently significant spread in W Li for each given effective temperature T eff , which might be due to stellar rotation (Soderblom et al. 1993) . Thus, for stars near the borderline, a PMS nature cannot be excluded. This result shows that medium-resolution spectra with a resolution of about 4 A Ê , as used in the RASS papers, can be a robust tool to single out stars with high W Li . A large majority of the new WTTSs discovered in Lupus show a W Li clearly in excess of ZAMS star values, and have to be regarded as bona fide PMS stars.
In Fig. 3 we plot f W Li W LiYh aW LiYm versus T eff , where W Li,h denotes the equivalent width measured from our echelle spectra, and W Li,m denotes the value measured on the medium-resolution spectra of Krautter et al. (1997) . Apparently, at a resolution of about 4 A Ê as used in the study of Krautter et al. (1997) , W Li is overestimated by about 20 per cent in the mean. The effect seems to depend on temperature, with overestimation of W Li almost negligible for M stars, but increasing towards higher temperature. This result is in good agreement with that of Covino et al. (1997) . However, as shown above, in spite of this overestimation we find that the vast majority of the ROSAT WTTSs in Lupus are indeed PMS stars.
The spatial distribution of observed and unobserved stars of the Krautter et al. (1997) sample is shown in Fig. 4 .
The Ha line
As opposed to classical T Tauri stars (CTTSs), WTTSs typically do not display evidence for ongoing accretion of circumstellar q 1999 RAS, MNRAS 307, 909±918 Figure 1 . Histogram of (raw) W Li for the Lupus WTTSs discovered by Krautter et al. (1997) , as measured on their spectra (solid lines), and the subsample selected for this study (hatched area). matter, and the average age of the ROSAT WTTSs is found to be significantly in excess of that of the CTTS in Lupus (Wichmann et al. 1997a . Models to explain these features by chromospheric emission have failed, and it is commonly accepted that the Balmer emission lines arise either in a wind (cf. Mitskevich, Natta & Grinin 1993) or in magnetic accretion columns (Calvet & Hartmann 1992; Hartmann, Hewett & Calvet 1994) .
On the other hand, the situation is very different for young active late-type main-sequence stars that display a variety of Ha line profiles ranging from pure absorption to weak emission (with W Ha typically below 5 A Ê ). In the latter case, the line often shows a central self-reversal, thus leading to a symmetric double-peaked profile (Panagi, Byrne & Houdebine 1991) . Contrary to the case for CTTSs, the line emission in these stars can be modelled quite successfully by purely chromospheric emission (cf. Houdebine & Stempels 1997) . Reipurth, Pedrosa & Lago (1996) have presented a scheme for the classification of T Tauri Ha line profiles by subdividing them into the following four classes: (I) single peak; (II-R/B) double peak with red or blue absorption trough; (III-R/B) like (II), but the height of the secondary peak is less than the half-height of primary peak; and (IV-R/B) P-Cygni/inverse P-Cygni profile. To account for line profiles found in active main-sequence stars, we have added the following classes: (Ia) absorption, (If) filled-in, and (II-C) central absorption. The results are presented in Table 1 , along with W Ha .
We have measured W Ha using direct integration (without prior subtraction of a template spectrum). As for W Li , the error is about 20 mA Ê , mainly due to uncertainty of the continuum. For the majority of the ROSAT WTTSs in our study, both W Ha and the range of observed line profiles agree with the typical features of active main-sequence stars (comprising line profiles Ia, If, I, and II-C, but excluding II-B/R, III and IV). Therefore we believe that in these stars the Ha line emission is most likely chromospheric in origin; that is, the observed activity in these stars represents an extreme level of the activity of late-type main-sequence stars, rather than a low level of CTTS-like (accretion-driven) activity.
[We refrain from a more detailed comparison of W Ha with values measured for ZAMS stars, for example by Soderblom et al. (1993) , as these are measured in a different way ± by subtracting a template spectrum ± and thus are not directly comparable.]
We note in passing that the Ha line profiles of the CTTSs Sz 77 and 82 apparently have changed since observed by Reipurth et al. (1996) . Both are of type III-R now, while Reipurth et al. (1996) report type I for Sz 77 and type IV-R for Sz 82. Thus in Sz 77 a red absorption has developed, while in Sz 82 the inverse P-Cygni absorption has disappeared. Such changes are rather common in CTTSs; see for example Krautter & Bastian (1980) .
Radial velocities
Radial velocities V rad were obtained by cross-correlating our spectra with a numerical mask that was constructed from a spectrum of an F-type star. A more detailed description of the method is given by Covino et al. (1997) . (As discussed there, a K-type mask was q 1999 RAS, MNRAS 307, 909±918 also tested, but the results were essentially identical.) Zero-points were established from observations of radial velocity standards each night during the observing runs. The results are listed in Table 1 . Individual errors are about^1 km s
21
, and a zero-point error of the order of <0.5 km s 21 may be present (see next paragraph).
As in our two runs different instruments and set-ups were used, a systematic difference between the data sets might have arisen. Thus, we compared the data obtained at CTIO and ESO in order to check for such an effect. In Fig. 5 we show the distributions of V rad seperately for both samples. Obviously both samples contain some outliers, located in opposite directions, that will bias their means in opposite ways. However, if we eliminate these outliers by cutting both samples at^3s (i.e. 212 km s 21 < V rad < 18 km s 21 Y we obtain mean radial velocities of 3X0^0X9 and 2X7^0X5 km s 21 for the ESO and the CTIO samples, respectively. Thus we conclude that there is no evidence for any systematic difference between the ESO and CTIO samples, although we cannot rule out a zero-point difference of the order of <0X5 km s 21 X In Fig. 6 we compare our data on ROSAT WTTSs in Lupus with data on bona fide Lupus CTTSs. The latter group comprises nine stars, five from Dubath, Reipurth & Mayor (1996) and four from our own observations. The mean radial velocity of these nine Lupus CTTSs is V rad 20X03^1X2 km s 21 , in good agreement with the radial velocity of the Lupus clouds from CO observations [for the CO, Dame et al. (1987) give a velocity of 15 km s 21 with respect to the local standard of rest (LSR), which converts to a heliocentric velocity of 0 km s
]. On the other hand, for the 49 ROSAT WTTSs in Lupus with DW Li . 0, we obtain a mean radial velocity V rad 12X721 X15 km s 21 (i.e. V LSR 17X7). Split into the`on-cloud' and thè off-cloud' samples (see Fig. 6 ), the respective radial velocities are 11X29^0X87 km s 21 and 13X17^1X39 km s 21 . There is no statistical significant difference between the Lupus CTTSs and our`on-cloud' sample, while the difference between CTTSs and off-cloud' sample is highly significant at the 0.4 per cent level (i.e. the probability of both having equal means is 0.4 per cent). The difference between`on-cloud' and`off-cloud' is also significant at the 3 per cent level (for evaluation, the non-parametric Wilcoxon and logrank tests were used).
We would like to point out that with pure differential galactic rotation, positive values of V LSR are`forbidden' in the fourth galactic quadrant. Positive values of V LSR are, however, observed for the youngest disc stars because of the expansion of the Gould Belt system. The radial velocities of the ROSAT WTTSs provide evidence that they belong to this system, just like the Lupus dark clouds, thus strengthening earlier results by Wichmann et al. (1997b) .
With respect to the small difference in velocities between ROSAT (`off-cloud') WTTSs in Lupus and Lupus CTTSs, we note that the expanding gas pertaining to the Gould Belt system decelerates due to the pressure of the ambient interstellar gas into which it is expanding. This deceleration will depend strongly on the local density of the ambient gas. As the ROSAT WTTSs in Lupus are somewhat older than the Lupus CTTSs, conditions might have changed since their formation, and thus a difference in velocities would not be unexpected.
Note also that there are several stars with DW Li , 0 that do not show deviant radial velocities, indicating that they also might be Gould Belt stars, although probably of somewhat higher age.
Projected rotational velocities
Projected rotational velocities V sin i were obtained by two different methods, namely cross-correlation and FFT (fast Fourier transformation). Details of these methods can be found in Covino et al. (1997) . As discussed there, cross-correlation probably is the superior method for slow rotators, while for fast rotators FFT will give better results, mainly because the shape of the q 1999 RAS, MNRAS 307, 909±918 cross-correlation function becomes strongly non-Gaussian for fast rotators, and its width cannot easily be defined anymore.
Results for both methods are given in It is known that there is a tight correlation between stellar rotation and X-ray activity (Wichmann et al. 1998a; Bouvier 1990) . Thus the distribution of V sin i as obtained in this work presumably is biased against slow rotators. In Fig. 7 , we show this distribution, along with the distributions of (i) a sample of optically selected T Tauri stars (compiled from Bouvier et al. 1986; Bouvier 1990; Hartmann, Soderblom & Stauffer 1987; and Hartmann & Stauffer 1989) ; and (ii) Pleiades ZAMS stars (compiled from Jones, Fischer & Stauffer 1996; Soderblom et al. 1993; and Stauffer et al. 1984) . To account for the mass dependence of PMS evolution and the very low number of optically selected TTSs with measured V sin i at high masses, we have restricted the plot to masses between 0.7 and 0.9 solar masses (masses for WTTSs are taken from Wichmann et al. 1997a ).
Contrary to optically selected TTSs, the ROSAT WTTSs typically do not show evidence for disc accretion any more. On the other hand, their W Li is higher than that observed for Pleiades stars. Thus the ROSAT WTTSs represent an evolutionary state between the two, and we might expect them also to have an intermediate distribution of V sin i. Fig. 7 shows that the ratio of stars with 0 < V sin i , 10 km s 21 to stars with 10 < V sin i , 20 km s 21 is smaller for the optically selected TTSs than for the Pleiades.
However, for the ROSAT WTTSs the ratio of stars with 0 < V sin i , 10 km s 21 to stars with 10 < V sin i , 20 km s 21 is lower than for both other samples; that is, we observe a lack of slow rotators for the stars in our sample. This can be explained by an observational bias due to the X-ray selection of the ROSAT WTTSs, demonstrating once again the connection between stellar activity and rotation.
The distance of the ROSAT WTTSs has been a controversial issue. If these stars were ZAMS stars, as Briceno et al. (1997) argue, they should be significantly less distant than the SFRs to which they have been attributed in the RASS papers, in order to be located on the ZAMS. We will show now that, at least for the mean distance of the Li-rich stars in Lupus, this is not the case.
If the rotational period P rot as well as V sin i and sin i are known, then the stellar radius R can be computed straightforwardly as
The distance r of the star then might be estimated as
where B nYTeff denotes the flux of a blackbody of temperature T eff at the frequency n, f n the observed flux from the star, and T eff the effective temperature of the star (as inferred from the spectral type). C nYTeff is a correction factor of order unity obtained from model spectra (Hauschildt, Allard & Baron 1999) , to account for deviation of the stellar flux from the blackbody law.
For a large number of stars in our sample, P rot has been measured by Wichmann et al. (1998a) , while I C magnitudes and extinction values are given by Wichmann et al. (1997a) . The inclination angle for individual stars is of course not known, and therefore it is not possible to compute the radii and distances of individual stars. However, we can set sin i to its mean value of p/4 (for an isotropic distribution of inclination angles), and average over the whole sample to obtain a mean value of the distance. The resulting distance is r 154 pc (for stars with DW Li . 0).
We evaluated the error by a Monte Carlo simulation. While sin i may be wrong by a factor of 2 for any individual star (see the discussion on bias below for limits on sin i), other observables in the equations above have typical errors of a few per cent. We therefore regard the unknown inclination as the main source of error. We assigned to the stars of our sample random values of sin i,P rot ,and V sin i. A random normal distribution was chosen for the distances, and f n was computed to be consistent with the random parameters. Then the mean distance of the simulated sample was estimated by the equations given above.
Repeating this experiment 1000 times, we found that the difference D r between estimated and true mean distances has a mean value of zero and a standard deviation of 6 per cent. We varied the mean distance assigned to the stars between 100 and 250 pc, and also the width of its distribution between 20 and 60 pc, but found no significant change in the standard deviation of D r . In fact we found the standard deviation of D r rather insensitive to the actual shape of the distance distribution of the parent population, as it remains the same even for a uniform distribution of distances.
However, another possible source of error is that the detection of photometric periods could be biased towards stars with high inclination angle, thus invalidating our assumption of an isotropic distribution of the inclination angle (obviously, at an inclination angle of zero a spot would never produce any brightness variation). Wichmann et al. (1997a) report period detections for 34 out of 46 stars studied by them (i.e. 74 per cent). There might be several reasons for non-detections (e.g. absence of a q 1999 RAS, MNRAS 307, 909±918 sufficiently large spot), but as the most conservative estimate, we may attribute all non-detections to a too low inclination angle. This would give a lower limit of 428 for the inclination angle (as derived from numerically integrating the probability density function of the inclination angle, which is proportional to sin i). We have repeated our simulations with the inclination angle limited to values between 428 and 908, and we find that in this case, using p/4 (i.e. the mean for an isotropic distribution) for sin i would overestimate the distance by 13 per cent. We thus conclude that the mean distance to those ROSAT WTTSs with DW Li . 0 in the direction of the Lupus SFR is in the range 135±165 pc. Within errors, this distance is still marginally consistent with the Hipparcos distance of the Lupus SFR, which has been estimated as 190^27 pc (Wichmann et al. 1998b) . Furthermore, it is perfectly consistent with the previous distance estimate of 1402 0 pc by Hughes, Hartigan & Clampitt (1993) , which was adopted by Wichmann et al. (1997a) to place the stars in the HR diagram. Fig. 8 shows a histogram of the distribution of distances. Distributions for the`off-cloud' and the`on-cloud' samples are plotted seperately, but there is no significant difference. The histogram is suggestive of a peaked distribution, with a tail towards lower distances. While this is what we would expect for a young Gould Belt population, given the possible bias for period detections the actual distribution of sin i is uncertain, and thus we would not put too much weight on this result.
Using Hipparcos parallaxes, Neuha Èuser & Brandner (1998) found that four out of six ROSAT WTTSs in Lupus observed by Hipparcos had parallaxes consistent with the distance of the Lupus SFR. The other two (RX J1504.823950 and CoD236810569) may be foreground stars. Neuha Èuser & Brandner (1998) could place CoD236810569 in the HR diagram and showed that, although located at only about half the distance of the Lupus SFR, it still is a PMS star with an age of about 1X5 Â 10 7 yr. We have no data on RX J1504.823950, but CoD236810569 has DW Li 116 m A, confirming its PMS nature.
For a proper interpretation of the Hipparcos data, one has to keep in mind that the Hipparcos sample is biased towards the brightest stars among the ROSAT WTTSs (most of the ROSAT WTTSs are fainter than the limiting magnitude of Hipparcos, and the Hipparcos catalogue is not complete to the limiting magnitude of the instrument). The brightest ROSAT WTTSs are likely to be the nearest, and thus the fact that the Hipparcos data in spite of their magnitude bias give distances consistent with that of the Lupus SFR for four out of six stars, is in good agreement with our result of a mean distance similar to that of the Lupus SFR.
D I S C U S S I O N
With regard to the ROSAT WTTSs located in the Lupus SFR and its surrounding area, it has been observationally established that (i) the large majority of them show Li equivalent widths in excess of those observed in the Pleiades, i.e. they are younger than the Pleiades (this work);
(ii) their mean distance is ± within errors ± in agreement with that of the Lupus SFR, and their mean velocities indicate that they recede from us at a similar, or (with respect to the`off-cloud' sample) slightly larger pace (this work); and (iii) their spatial distribution is centred on the Gould Belt, and the width of their spatial distribution is about 108±158, consistent with the width of the Gould Belt (Wichmann et al. 1997b ).
These observations firmly establish that the vast majority of these stars are bona fide PMS stars belonging to the Gould Belt star-forming complex.
Our data indicate that many of these stars formed not far from the Lupus SFR, which represents a presently very active region at the outer edge of the expanding plane of the Gould Belt. However, as stars have been forming in the Gould Belt for several 10 7 yr by now, we expect, and our data also suggest this, a tail of nearer foreground Gould Belt stars.
The interaction between the expanding Gould Belt and the ambient interstellar gas presumably causes a complex and constantly changing pattern of star formation along the outer rim of the Gould Belt. The Lupus dark clouds might be the remnant of a once much larger SFR, in which the ROSAT WTTSs formed. However, it might also that many of the ROSAT WTTSs formed in molecular clouds that have now completely dispersed. In that context, it is interesting that Mizuno et al. (1998) found that about 70 per cent of the isolated ROSAT WTTSs in Chamaeleon can be associated with small CO clouds found close to them.
If further measurements for the CTTSs in Lupus confirm the difference in radial velocities with respect to the ROSAT WTTSs, this would indicate that the gaseous part of the Gould Belt in this region ± comprising the Lupus SFR ± has experienced some deceleration since the formation of the ROSAT WTTSs, possibly due to ram pressure from the ambient interstellar gas. Thus, improved data will give important insights into the velocity structure of the Gould Belt towards Lupus. Wichmann et al. (1997a) derived a mean age of about 10 7 yr for the ROSAT WTTSs in Lupus. As we have shown, the distance of 140 pc used by them is probably a lower limit of the true mean distance. Thus, on average the luminosities of these stars are probably even higher, and the stars younger than estimated by Wichmann et al. (1997a) . This is a rather important result, as placement in the HR diagram is a more secure method of determining the evolutionary status of stars than Lithium depletion, which is still poorly understood. Previous to these observations, several authors (Bricen Äo et al. 1997; Micela et al. 1997) claimed that most of these stars would turn out to be foreground ZAMS stars with distances of about 100±120 pc and ages similar to that of the Pleiades. There is obviously some contradiction between these claims and our observations, and we will now briefly discuss the possible reasons.
Bricen Äo et al. (1997) argue that with the sensitivity of the RASS and the assumption of a constant star-forming rate in the solar neighbourhood, a large fraction of the ROSAT WTTSs will be foreground stars, pertaining to a presumed ubiquitous population of widely dispersed ZAMS stars with ages of the order of 10 8 yr. However, Bricen Äo et al. (1997) have confused the detection limit of the RASS, i.e. the flux of the faintest sources, with its completeness limit, i.e. the limit for which all brighter sources are detected.
The completeness limit of 10 213 erg cm 22 s 21 (equivalent to a count rate of about 0.01 count s 21 ), as adopted by them, in fact corresponds to the RASS detection limit in the SFRs studied in the RASS papers. However, due to the non-uniform sensitivity of the RASS the true completeness limit is only about 0.03 count s 21 (R. Neuha Èuser, private communication), i.e. three times higher. Thus, using the Bricen Äo et al. (1997) model and the correct completeness limit presumably will result in a significantly lower number of foreground ZAMS stars in the RASS than predicted by these authors. We do not doubt that the stellar population predicted by Bricen Äo et al. (1997) most likely exists, but apparently the RASS is not as sensitive to it as the authors have assumed. We think that this is a population distinct from the ROSAT WTTSs, except for some minor contamination.
Moreover, Bricen Äo et al. (1997) assume that the`background' to their foreground ZAMS stars is just the average galactic background. If instead this`background' contains large numbers of very active, X-ray-bright PMS stars, the fraction of foreground stars in the RASS source counts naturally will go down, while the total source counts will go up. In fact Guillot et al. (1998) demonstrated a large excess in stellar source counts in the plane of the Gould Belt.
While we find that the major fraction of ROSAT WTTSs in Lupus comprises PMS stars, Micela et al. (1997) , based on Hipparcos parallaxes, found that most of the Li-rich cool dwarfs in the EMSS turned out to be ZAMS stars. They argue that this result can be applied to the ROSAT WTTSs as well, which obviously is in contradiction to our data. Most probably the reason is that the EMSS was constrained to high galactic latitudes, far from any SFR. Thus, the parent population for the EMSS sample presumably is quite different from the parent population of the ROSAT WTTSs, which are located within 108 of active SFRs, and also within a huge-star-forming complex ± the Gould Belt. It might well be that the parent population of the Li-rich cool dwarfs in the EMSS is exactly the dispersed ZAMS population postulated by Bricen Äo et al. (1997) .
Finally, Palla & Galli (1997) argue that molecular clouds will produce stars only near the end of their lifetime, resulting in a narrow peak in the age distribution of the stars formed by a cloud, and a correspondingly very low probability of finding older PMS stars nearby. This argument is based on the assumption that the lifetime t MC of molecular clouds is comparable to the time-scale t AD of ambipolar diffusion.
However, this conclusion is at variance with the observed paucity of inactive (non-star-forming) molecular clouds. With the time-scales adopted by Palla & Galli (1997) , namely t MC 10±20 Myr and t AD 10 Myr, the ratio R of active to inactive clouds would be in the range 0±1, while the observed ratio is about 2.5±4 (Feigelson 1996) . In fact t MC is a rather uncertain quantity that might be as high as 50 Myr (Falgarone & Puget 1986) , and, in order to match the observed value of R, a value of t MC near the upper rather than near the lower limit should be chosen. This would provide a comfortably long period of the order of 30 Myr for star formation to proceed in a slow, possibly selfregulated (Silk 1985) way.
Moreover, Palla & Galli (1997) consider a molecular cloud as an isolated object. But the Lupus SFR is by no means an isolated object, rather it is a presently very active part at the outer edge of a huge, expanding star-forming complex, namely the Gould Belt, which has continuously formed stars for most of its present lifetime of 5±6Â10 7 yr (cf. Comero Ân, Torra & Go Âmez (1994) ). Even with short cloud lifetimes, we might expect plenty of PMS stars especially towards the outer edge of this complex.
C O N C L U S I O N S
Given the geometry of the Gould Belt, among all SFRs studied in the RASS papers Lupus would obviously be the prime candidate for yielding a fairly`clean' sample of very young stars. The reason is that the Sun is located about halfway between the centre and the edge of the Gould Belt, with Lupus at the`near' side of the edge. Thus, when looking towards Lupus, we are looking away from the Gould Belt's centre, towards its outermost ± and therefore youngest ± part. Therefore, even foreground Gould Belt stars towards this direction should be very young.
The situation is less favourable for Chamaeleon, which is located about 158 off the plane of the Gould Belt (putting its physical connection in doubt), and in fact a relatively large contamination of the ROSAT WTTSs with older stars has been found there by Covino et al. (1997) .
In the direction of Taurus, we are looking towards the centre of the Gould Belt, i.e. towards its oldest part, thus a larger contamination with older stars, as seen by high-resolution spectroscopy (Wichmann et al., in preparation) might be expected there as well.
The region south of Taurus, studied by Neuha Èuser et al. (1997) , Magazzu Á et al. (1997), and Frink et al. (1997) is far from molecular clouds and from the Gould Belt, thus few very young stars would be expected there, in line with the observations. The association of the bona fide PMS stars, and presumably at least some of the ZAMS stars, among the RASS WTTSs with the Gould Belt thus naturally explains the fact that, towards other SFRs, a larger fraction of older stars is found within the ROSAT WTTSs than towards Lupus.
The Bricen Äo et al. (1997) hypothesis, on the other hand, does not offer such a natural explanation. As the population postulated by them is (i) foreground towards all studied SFRs, (ii) older than the Gould Belt, and (iii) results from a large-scale smoothing process, there is no natural explanation for a`hole' towards Lupus within this hypothesis.
We would like to point out the important fact that already from simple star counts within the RASS catalogue, independent of any follow-up observations, the predominance of the Gould Belt above the background population is clearly visible (Guillot et al. 1998 ). This fits perfectly into our model of the ROSAT WTTSs as to a large extent representing the low-mass stars of the Gould Belt starburst, as discussed above. ZAMS stars within the ROSAT WTTSs sample might represent older stars from the population introduced by Bricen Äo et al. (1997) , but might also represent older stars of the Gould Belt.
The`Gould Belt model' favoured by our group has some q 1999 RAS, MNRAS 307, 909±918 Downloaded from https://academic.oup.com/mnras/article-abstract/307/4/909/1068925 by guest on 07 April 2019 common ground with the Bricen Äo et al. (1997) model, insofar as both models invoke ± in addition to stars that are members of the SFRs studied ± some other population of young stars to explain the result of ROSAT observations of nearby SFRs. However, the two models are distinct with respect to the type of the additional stellar population invoked by them. The stellar population on which the Bricen Äo et al. (1997) model is based is completely unrelated to the studied SFRs, while the Gould Belt, on which our model is based, is naturally connected to many nearby SFRs, and significantly younger than the population invoked by Bricen Äo et al. (1997) . Our`Gould Belt hypothesis', discussed in this paper, has important consequences for the study of the solar neighbourhood. While in the Bricen Äo et al. (1997) hypothesis the young stellar population in the solar vicinity would be`typical' for our Galaxy, the observed predominance of stars from the Gould Belt starburst indicates that we are located in a somewhat untypical region of the Galaxy that is very rich in very young stars. Such stars should be abundant in the solar neighbourhood, and we thus expect that objects like AB Dor could pop up in larger numbers once suitable surveys are undertaken.
To conclude this discussion, we think that the discovery of the ROSAT WTTSs and their identification as PMS members of the Gould Belt opens an exciting new window to the study of this intriguing, yet poorly understood galactic structure, which has played a key role in star formation in the solar neighbourhood during the past several tens of millions of years.
